a b s t r a c t
Severe burns induce a pathophysiological response that affects almost every physiological system within the body. Inflammation, hypermetabolism, muscle wasting, and insulin resistance are all hallmarks of the pathophysiological response to severe burns, with perturbations in metabolism known to persist for several years post injury. Skeletal muscle is the principal depot of lean tissue within the body and as the primary site of peripheral glucose disposal, plays an important role in metabolic regulation. Following a large burn, skeletal muscle functions as and endogenous amino acid store, providing substrates for more pressing functions, such as the synthesis of acute phase proteins and the deposition of new skin. Subsequently, burn patients become cachectic, which is associated with poor outcomes in terms of metabolic health and functional capacity. While a loss of skeletal muscle contractile proteins per se will no doubt negatively impact functional capacity, detriments in skeletal muscle quality, i.e. a loss in mitochondrial number and/or function may be quantitatively just as important. The goal of this review article is to summarise the current understanding of the impact of thermal trauma on skeletal muscle mitochondrial content and function, to offer direction for future research concerning skeletal muscle mitochondrial function in patients with severe burns, and to renew interest in the role of these organelles in metabolic dysfunction following severe burns.
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Introduction
The pathophysiological response to thermal trauma is multifactorial with resulting perturbations in metabolism affecting nearly every physiological system [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . Like most forms of critical illness, severe burns result in an inflammatory and hypermetabolic stress response, but the extent and duration of these responses and their debilitating nature appear unique to burn trauma [1, 6, 7, [17] [18] [19] [20] . With recent advances in clinical practice such as early wound excision and closure, and robust infection management [21] , severe burns are more survivable than ever before. Consequently, there is a real need for effective rehabilitative strategies that mitigate the pathophysiological response to burns and to restore normal physiological function in order to reduce morbidity and improve quality of life in patients recovering from severe burns. Central to the process of developing novel strategies that impact outcomes in burn patients is a comprehensive understanding of the pathophysiological response to severe burn trauma. While the stress response to burn trauma including but not limited to inflammation, the catecholamine surge, hypermetabolism and muscle wasting have been studied in human patients in great detail [1, 5, 6, 9, 10, 17, 19, 20, [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] , the impact of severe burns on skeletal muscle bioenergetics in human patients has been paid comparatively little attention [42] [43] [44] [45] [46] . This is perhaps surprising given the fact that supraphysiological rates of energy expenditure [1, 5, 18, 19, 23, 33, [47] [48] [49] , insulin resistance [1, 4, 5, 29, 45, 50, 51] and muscle wasting [6, 14, 17, 19, 23, 25, 26, 28, [30] [31] [32] [34] [35] [36] [37] [38] [39] [40] are all considered as hallmarks of the pathophysiological response to severe burns. Moreover, mitochondria are sensitive to environmental and pharmacological stimuli [52] [53] [54] [55] , meaning that these intriguing organelles make ideal candidates for interventions aimed at altering the pathophysiology of burn trauma. With this in mind, the purpose of this article is to review the current literature pertaining to skeletal muscle bioenergetics in patients with severe burns, with an aim to renewing interest in this field and wherever possible, offer direction to researchers interested in improving metabolic health and functional capacity in patients recovering from severe burns.
2.
Metabolic complications associated with severe burns
Hypermetabolism
Severe burns result in profound alterations in energy expenditure. Indeed, resting energy expenditure has been reported to be between 120 and 180% above normal values in the first one to two months post injury [1, 18, 19, 23] . Moreover, it has previously been reported that energy expenditure was significantly elevated for up to 24 months post injury in burned children and remained elevated, albeit not significantly, at 36 months post injury [1] . It is thought that heat loss through open wounds coupled with a comprised skin barrier and thus an inability to effectively thermoregulate play a role in increased metabolic rate post burn [47] [48] [49] . In addition, chronic adrenergic stimulation post burn is also likely to alter the kinetics of numerous metabolic substrates after burn [33, 56, 57] , while cellular respiration not linked to ATP production may also increase in response to severe thermal injury [57] .
Substrate cycling in patients with severe burns
In the aftermath of severe burn trauma numerous ATP consuming reactions linked to the cycling of metabolic substrates appear to be up-regulated (reviewed in detail in [57] ). Elevations in circulating lipids moieties following a severe burn are most likely the result of the catecholamine surge and subsequent b-adrenergic stimulation elevating lipolysis. However, despite elevated rates of lipolysis in burned patients, the ratio of fatty acid appearance to glycerol appearance in blood is lower relative to healthy individuals. Indeed, while a normal ratio of fatty acid appearance to glycerol appearance would be approximately 3, this value is far lower in patients with severe burns (1.6), suggesting immediate re-esterfication of fatty acids within adipose tissue [58, 59] . Many of the metabolic perturbations associated with burns favor increased intracellular fatty acid re-esterfication, such as elevated plasma glucose and insulin concentrations as well as depleted serum albumin concentrations, which are needed to transport hydrophobic fatty acids in the periphery. Regardless of the exact mechanism(s) responsible for this fatty acid cycling, the result is that triglyceride is broken down and fatty acids immediately re-esterfied in a seemingly futile cycle. Furthermore, much like lipid metabolism, Wolfe and colleagues demonstrated that pyruvate production from glycolytic flux was 300% greater in burned patients when compared to healthy controls, suggesting that glycolysis is profoundly elevated in burned patients to the extent that despite elevated pyruvate dehydrogenase activity, plasma lactate concentrations are 2-4 times greater in burned patients when compared to healthy controls [60] . This suggests that the elevated rates of glycolysis within the skeletal muscle of burned patients accounts for peripheral lactic acidosis and not deficits in oxidative pyruvate disposal as suggested elsewhere [44] . Moreover, the observation of increased Cori cycle flux following burn trauma in humans [61] , suggests that elevated glycolysis and lactate formation in skeletal muscle provides substrate for hepatic gluconeogensis in what appears to be more futile cycling of energy substrates. While increased substrate cycling is thought to be futile, it may be an adaptation to severe burns which provide the liver b u r n s 3 9 ( 2 0 1 3 ) 1 0 3 9 -1 0 4 7 with gluconeogenic substrates such as glycerol and lactate, which in turn may reduce the amount of alanine released from muscle for the purposes of hepatic gluconeogenesis. However, since severely burned patients are fed enteral formulas which provide the majority of their caloric load in the form of carbohydrate, it is unlikely that glycerol and pyruvate cycling play an important role in hepatic gluconeogenesis, meaning that while patients are receiving adequate burn care, this substrate cycling is indeed futile and is likely to contribute to the hypermetabolic response to burns.
In addition to lipid and carbohydrate substrate cycles, it is thought that there are concurrent increases in muscle protein breakdown and synthesis post burn, where increased intracellular availability of amino acids from protein breakdown simulates muscle protein synthesis [17] . Subsequently, it would seem that some amino acids liberated from skeletal muscle are resynthesized back into constituent proteins without ever leaving the muscle cell. Taken together, it would appear that there is seemingly futile cycling of metabolic substrates such as fatty acids, glucose and amino acids in response to severe burns. These processes are not without their own metabolic costs. For example, it has been shown that the rates of protein synthesis, urea production, gluconeogenesis and the cycling of glucose and fatty acids are at least 2-fold higher in burned patients relative to unburned individuals, where the rate of intracellular cycling of fatty acids is thought to be over 15 times greater in severely burned patients in comparison to healthy individuals [57] . Collectively, the elevations in these ATP consuming processes in patients with severe burns has been calculated to increase energy requirements by approximately 10 kcal kg À1 day À1 [57] .
Therefore, cycling of metabolic substrate likely plays a quantitatively important role in the hypermetabolic response to burn trauma.
Skeletal muscle cachexia following severe burns
A hallmark of the adaptive response to thermal trauma is the catabolism of skeletal muscle, which is known to persist for at least 9 months post burn [6] . While excessive erosion of lean tissue impairs functional capacity and metabolic health, thus impeding rehabilitation post burn, it would seem the skeletal muscle is sacrificed to aid wound healing [62] . Indeed, acutely post burn, increasing protein intake does not further increase skeletal muscle protein synthesis. However, increasing dietary provision of protein increased skin protein synthesis in the same group of patients [63] . Furthermore, it appears that the magnitude of skeletal muscle catabolism post burn is comparable to the magnitude of protein synthesis in the burn wound [26] . Moreover, there is marked loss of protein form skeletal muscle whereas there is a net accretion of protein within the burn wound [26] , further suggesting that skeletal muscle protein is essentially redistributed post burn, and principally disposed of in healing skin wounds. Interestingly, while protein kinetic studies across the leg suggest that muscle breakdown dominates post burn [26] , studies of whole body protein turnover demonstrate that while protein turnover is greater in burned children compared to unburned children, whole body protein synthesis appears to be quantitatively more responsible for the increase in whole body protein turnover than whole body protein breakdown [24] . The discordance in the findings of studies determining skeletal muscle or whole body protein turnover in burned patients is most probably explained by the fact that skeletal muscle catabolism is not futile in these patients, but merely reflects the necessity for protein to be redistributed from skeletal muscle to healing burn and donor wounds.
While skeletal muscle wasting post burn is not disputed, the relative contribution of different protein pools within skeletal muscle (i.e. myofibrilar, sarcoplasmic, mitochondrial), toward skeletal muscle catabolism is not known with regards to severely burned patients. As the magnitude and persistence of skeletal muscle catabolism in severely burn patients results in profound alterations in body composition [14] , it would perhaps be reasonable to assume that the various protein compartments of skeletal muscle are catabolized to a similar degree. An alternative hypothesis with particular pertinence to skeletal muscle quality is that given their high turnover rates relative to contractile proteins, that mitochondrial proteins are lost in greater abundance. However, at present the lack of experimental evidence prevents any conclusion from being made. Subsequently, future research aimed at addressing the aforementioned questions would be of great interest.
4.
Skeletal muscle mitochondrial function in patients with severe burns 4.1.
Skeletal muscle mitochondrial function in health
Mitochondria fulfill the role of the combustion engines of respiring cells. In essence these cellular organelles are able to catabolize nutrient derived substrates into a form (acetyl-CoA) which can participate in the tricarboxylic acid (TCA) cycle. In turn, the TCA cycle can generate NADH and succinate, which themselves feed protons (H + ) and electrons (e À ) to the electron transport chain (ETC) via NADH reductase (complex I) and succinate dehydrogenase (complex II) respectively. The subsequent flow of electrons along the ETC via ubiquinon (Q) and cytochrome C (cyt-C) pumps H + from the matrix through NADH reductase (complex 1), cytochrome C reductase (complex III) and cytochrome c oxidase (complex IV). A subsequent change in matrix charge drives a proton motive force that transfers H + back into the mitochondrial matrix through ATP synthase (complex V) which catalyzes the phosphorylation of ADP [83] . As molecular oxygen acts as the final electron acceptor in the ETC the process of mitochondrial ATP synthesis is aerobic. While oxidative phosphorylation is generally considered to be well coupled in healthy mitochondria, H + can re-enter the mitochondrial matrix via so called uncoupling proteins, which results in a seemingly futile production of heat. Fig. 1 shows a schematic depiction of a mitochondrion and the constituents of the ETC. Given its important role in locomotion, mitochondria are found in relatively high number in skeletal muscle. As ATP is not stored in tissues like skeletal muscle in great abundance, means that there is a constant requirement for ATP production, a role primarily performed by the mitochondrion. While much research has focused on the impact of reduced skeletal muscle mass on morbidity and mortality in various patient
populations, the impact of muscle wasting on skeletal muscle mitochondrial content and function has been paid less attention. This is perhaps surprising given the apparent plasticity of these organelles and therefore the potential for interventions to alter skeletal muscle mitochondrial number and/or function. For example, it has long been known that exercise training can increase mitochondrial enzyme activities in skeletal muscle [53] . Moreover, exercise appears to be a simple means of restoring skeletal muscle mitochondrial content and function in elderly subjects [64] . In addition, pharmacological interventions can also alter skeletal muscle mitochondrial function, where growth hormone [55] and erythropoeitin [54] alter mitochondrial content and function in human skeletal muscle, further suggesting the mitochondria are an ideal target for interventions aimed at altering skeletal muscle function in severely burned patients.
4.2.
The impact of severe burns on skeletal muscle mitochondrial function
Severe burns are associated with rapid alterations in skeletal muscle mitochondrial function. For example, Yasuhara and colleagues showed in rodents that even as early as 15 min after a 40% total body surface area (TBSA) burn, there was a reduction in mitochondrial cytochrome C levels and increase in the concentration of cytochrome C in the cytosol consistent with damage to, and subsequent leaking from, the outer mitochondrial membrane. Furthermore, the same researchers showed that at 1 h after injury mitochondrial membrane potential was altered in burned animals [65] , further suggesting a rapid onset of mitochondrial dysfunction post burn.
In scalded mice, Padfield and co-workers demonstrated a comprehensive shift in skeletal muscle gene expression at six days post injury. Transcripts involved in carbohydrate and lipid metabolism, the TCA cycle, and oxidative phosphorylation were down regulated post injury when compared to control muscle [66] . For example, the expression of CPT1 and PDH mRNA, both thought to be rate limiting enzymes in fatty acid and carbohydrate oxidation, respectively, were significantly down regulated in muscle post injury. Moreover, the expression of citrate synthase and malate dehydrogenase, which catalyze the first and last steps of the TCA were both significantly down regulated within a few days post burn. Lastly, expression of complexes I, II, IV and V of the respiratory b u r n s 3 9 ( 2 0 1 3 ) 1 0 3 9 -1 0 4 7 chain were significantly down regulated three days post burn [66] . Taken together, it would appear that severe burns result in a genetic signature, and presuming that these changes in transcription translate to differences in protein expression, it is likely that this altered geneotype will also result in a profoundly altered phenotype. Indeed, Padifield and colleagues were able to show that phosphocreatine (PCr) concentrations within burned skeletal muscle were lower than control [66] , where reduced phosphagen (PCr) levels are indicative of impaired oxidative phosphorylation. Indeed, these researchers were able to show that ATP production rates were significantly lower in burned muscle compared to control [66] . Taken together, these findings suggest that within a matter of days post injury, there are profound alterations in the expression of numerous transcripts involved in skeletal muscle bioenergetics. Moreover, this was associated with alterations in mitochondrial function, where the capacity of mitochondria to phosphorylate ADP in vivo is significantly impaired. The aforementioned data points toward rapid alterations in the expression of numerous proteins which are central to normal mitochondrial function, resulting in alterations in skeletal muscle bioenergetics. These transcriptional and functional changes in skeletal muscle bioenergetics are thought to be regulated in part by alterations in the expression of co-activators involved in mitochondrial biogenesis. Two such co-activators are the peroxisome proliforator-activated receptor gamma co-activators (PGC1) alpha and beta. PGC1a was identified first as a co-activator of brown adipose tissue [67] , whereas PGC1b was subsequently identified as a homologue of PGC1a sharing much of the same sequence [68] . In their roles as co-activators PGC1a and PGC1b play numerous roles in energy metabolism and mitochondrial biogenesis. Interestingly, Tzika and colleagues [46] showed a profound reduction in skeletal muscle PGC1b mRNA expression in children with a 64% TBSA burn when compared to healthy controls. This is perhaps most interesting given that PGC1b regulates a number of other genes including nuclear respiratory factors 1 and 2 which themselves are involved in mitochondrial biogenesis by regulating the expression of several nuclear encoded proteins of the electron transport chains as well as indirectly inducing the expression of mitochondrial encoded electron transport chain proteins.
While there is an abundance of data concerning the impact of aging and insulin resistance on mitochondrial function in humans, far less data are available relating to human skeletal muscle mitochondrial function following severe burns. Colleagues in our laboratory were the first to determine mitochondrial function in permeabilized myofibres obtained from healthy and burned children. They found that following the addition of malate (2 mM), ADP (0.5 mM) and pyruvate (10 mM) to induce state 3 respiration in the presence of pyruvate, mitochondrial oxygen consumption (normalized to mitochondrial content) was 50% lower in permeabilized myofibres of burned children when compared to controls. Similarly, following the addition of malate (2 mM), ADP (0.5 mM) and palmitoyl-carnitine (1 mM) to induce state 3 respiration with parallel FADH 2 /NADH input from the boxidation pathway, mitochondrial oxygen consumption (normalized to mitochondrial content) was 66% lower in permeabilized muscle samples obtained from burned children when compared to healthy children [42] . While the authors concluded that mitochondrial oxidative capacity of both pyruvate and palmitate were reduced significantly in burned patients, it is difficult to definitively say whether this is true given the fact that high resolution respirometry primarily determines various respiratory states as well as the contribution of each respiratory complex to these states. Indeed, when state 3 respiration is achieved with the addition of glutamate, malate and ADP, the subsequent addition of octanoylcarnitine for example, does not further augment respiratory flux [69] . Moreover, the absence of succinate and subsequently suboptimal electron transfer through complex II of the respiratory chain to ubiquinone and cytochrome C means the true oxidative capacity was not determined in the study of Cree and co-workers [42] . However, with that said, given that respiration was profoundly lower under identical experimental settings in myofibers from burned patients when compared to healthy individuals, it seems clear that burn trauma results in profound qualitative changes in mitochondria within human skeletal muscle [42] .
4.3.
Does sepsis worsen skeletal muscle mitochondrial function in severely burned patients?
Derangements in skeletal muscle mitochondrial function in critically ill patients are not exclusive to burn trauma. Indeed, sepsis induced multiple organ failure is also synonymous with skeletal muscle mitochondrial dysfunction. Maximal rates of citrate synthase and NADH reductase activity (markers of mitochondrial content), and cytochrome C oxidase activity (a marker of mitochondrial function) were significantly lower in skeletal muscle biopsies obtained from intensive care unit patients with sepsis and respiratory failure when compared to biopsy samples obtained from otherwise healthy individuals [70] . In addition, citrate synthase and NADH reductase activity were lower in the intercostal muscles of patients with sepsis induced multiple organ failure compared to age matched healthy controls [71] . Furthermore, in quadriceps muscle biopsies from the same patients, cytochrome C oxidase activity along with ATP and PCr contents were lower, while lactate content was higher when compared to healthy individuals [71] . Collectively, these finding suggest that sepsis results in reduced muscle mitochondrial content as well as derangements in mitochondrial function, leading to phosphagen depletion and lactate accumulation.
Whether patients with severe burns who become septic also have further deteriorations in skeletal muscle mitochondrial function remains to be seen. However, in a recent study documenting the cause of death in severely burned children it was found that 47% of mortality in this patient group could be attributed to sepsis [72] . Furthermore, the presence of sepsis is associated with 3-fold higher rates of skeletal muscle catabolism in patients with severe burns compared to patients with burn trauma alone [19] . As such, it may be quite reasonable to assume that the development of sepsis in severely burned patients will lead to further derangements in skeletal muscle bioenergetics, which itself may be linked to multiple organ failure and death. However, further investigation into the relationship between sepsis and burn and the subsequent b u r n s 3 9 ( 2 0 1 3 ) 1 0 3 9 -1 0 4 7 impact this may have on skeletal muscle mitochondrial function are needed.
4.4.
Altering skeletal muscle mitochondrial function in patients with severe burns An interesting aspect of mitochondria is their apparent plasticity in response to environmental and pharmacological stimuli [52] [53] [54] [55] 64, [73] [74] [75] , making them extremely interesting organelles when considering interventions in populations with derangements in skeletal muscle function. With regards to severe burns, Cree and colleagues demonstrated that acute PPARa agonist (fenofibrate) treatment could improve mitochondrial function in burned children. In particular, state 3 respiration (normalized to citrate synthase activity) in the presence of either palmitate or pyruvate was significantly greater in burned children following two weeks of fenofibrate administration (5 mg kg À1 ) when compared to a placebo group [43, 44] .
Importantly, these changes in mitochondrial function were accompanied by an apparent improvement in skeletal muscle metabolic flexibility and insulin sensitivity as evidenced by an increase in whole body palmitate oxidation [43] and an increase in insulin stimulated glucose disposal during a euglycemic hyperinsulinemic clamp post treatment [44] . While there was an apparent qualitative improvement in mitochondrial function following acute fenofibrate administration in burned children, Cree and coworkers also observed marked increases in both maximal rates of the mitochondrial enzymes citrate synthase and cytochrome c oxidase [43, 44] , with the former being considered as a robust surrogate of mitochondrial content. Subsequently, it would appear that severe burns result in a reduction in skeletal muscle mitochondrial content and intrinsic function, while acute fenofibrate treatment results in both qualitative and quantitative improvements in skeletal muscle mitochondrial function in severely burned children. Although a mechanistic explanation for the favorable effects of fenofibrate on skeletal muscle mitochondrial content and function in burned patients remains elusive, these positive outcomes warrant further investigation, particularly with regards to the long term impact of fenofibrate treatment in severely burned individuals. Under fasting conditions, insulin has been shown to play a central role in attenuating muscle protein catabolism in critically ill patients [76] Moreover, in patients with severe burns, hyperinsulinemia stimulates muscle protein synthesis and improves muscle protein balance [28] . Further, in severely burned rodents, insulin treatment attenuates the morphological and functional derangements in hepatic mitochondria [77] . With regards to skeletal muscle bioenergetics, intensive insulin therapy has been associated with an improvement in skeletal muscle mitochondrial capacity in severely burned children which was associated with improved glucose control [45] . Whether changes in mitochondrial physiology can be attributed to better glucose control or whether intensive insulin therapy mitigated post burn skeletal muscle catabolism, thereby maintaining skeletal muscle quality (i.e. mitochondrial mass) remains to be seen. However, this particular study [45] further highlights the importance of skeletal muscle mitochondria in metabolic function of burned patients while demonstrating that altering skeletal muscle mitochondrial function presents a viable means to improve outcomes in severely burned individuals.
While previous work has made significant strides in characterizing skeletal muscle mitochondrial function following severe burn trauma [42, 66] , and demonstrating that pharmacological interventions such as PPARa agonists and intensive insulin therapy are a viable means of augmenting skeletal muscle mitochondrial function post burn [43] [44] [45] , which leads to improved skeletal muscle metabolic flexibility and insulin sensitivity, little is known regarding the potential for other interventions to mitigate the deleterious impact of burn on skeletal muscle bioenergetics. More specifically, whether other pharmacological interventions such as propranolol and/or oxandrolone treatment, which both mitigate skeletal muscle catabolism post burn [23, 32, 33, 40] , also alter mitochondrial content or function within skeletal muscle remains to be seen. In addition, it has long been know that exercise training increases skeletal muscle oxidative capacity [53] . Exercise also benefits the convalescing burn patient, where rehabilitative exercise training in severely burned children leads to improvements in lean mass, muscle strength and endurance, and pulmonary function [78] [79] [80] [81] [82] . However, to the best of our knowledge, the impact of exercise training on skeletal muscle mitochondrial content or function in severely burned individuals has yet to be studied.
Summary and conclusions
Skeletal muscle mitochondrial function plays an obligatory role in the functional capacity and metabolic health of an individual. In patients with severe burns, there appears to be rapid and profound reductions in skeletal muscle mitochondrial content and function post injury, which are associated with poorer clinical outcomes. As such, strategies aimed at improving skeletal muscle oxidative capacity in severely burned individuals are likely to be efficacious with regards to aiding patient rehabilitation. Indeed, acute fenofibrate and insulin therapy result in improved skeletal muscle oxidative capacity, which is associated with better glycemic control. These interesting observations act as a good starting point, however, it is clear that further robust human research trials are needed to (i) further elucidate the role of skeletal muscle mitochondrial dysfunction in the pathophysiology of burn trauma and (ii) determine the efficacy of nutritional, exercise and pharmacological interventions alone, and in combination, for altering skeletal muscle bioenergetics post burn. Given the apparent plasticity of these organelles, it would be reasonable to assume that this avenue of research will be fruitful with regards to delivering interventions which improve the functional capacity and metabolic health of patients recovering from major burns.
